Acid-precipitated lignin nanoparticles with a cationic polymer coating exhibit antibacterial activity when infused with silver. While the use of such particles would be beneficial due to their high antibacterial activity with a low silver content, their production holds steps that are difficult to scale up to inexpensive industrial manufacture. For example, the production of acid-precipitated lignin nanoparticles requires the use of ethylene glycol, which is not easily recycled. Furthermore, the binding of silver to these particles is weak, and thus the particles need to be used rapidly after preparation. Here, we show that with a deprotonation reaction of an organic solution of anhydrous lignin and subsequent ion exchange with silver nitrate and colloid formation by solvent exchange, highly spherical silver carboxylate colloidal lignin particles (AgCLPs) can be prepared. Silver is not released from the particles in deionized water but can be released in physiological conditions, shown by their high antibacterial efficacy with low silver loading. In comparison to lignin nanoparticles with weakly bound silver, AgCLPs have high antibacterial activity even without cationic polyelectrolyte coating, and they retain their antibacterial activity for days. While the rapid depletion of silver from silver-infused lignin nanoparticles can be considered beneficial for some applications, the sustained antibacterial activity of the AgCLPs with ionically bound silver will enable their use in applications where silver nanoparticles have been previously used. Our results demonstrate that CLPs, which can be produced with a closed cycle process on a large scale, can be rapidly and quantitatively functionalized into active materials.
■ INTRODUCTION
Lignin is the most common renewable source of aromatic groups on Earth and an attractive biopolymer with potential for the development of new materials. 1 Besides its industrial applications, 2,3 lignin has also been used to produce different types of lignin nanoparticles for antimicrobial and drug delivery applications. 4−6 Their common preparation methods include anti-solvent precipitation, interfacial cross-linking, polymerization, solvent exchange, and sonication. 1, 7, 8 While silver nanoparticles (AgNPs) are efficient antimicrobial, antifungal, and antiviral agents, their widespread use is limited by their persistence in nature and negative effects relating to their bioaccumulation in water systems. 9 Richter et al. reported a method for infusing lignin nanoparticles with silver ions and showed that these environmentally benign lignin-core nanoparticles (EbNPs) could be used similarly to AgNPs, with a smaller loading of silver and with no persistence of silver in the nanoparticles after their use. 4 While their method could be applied into large-scale antibacterial use, several issues hinder its industrial application, such as the recovery of the solvent ethylene glycol, weak binding of AgNO 3 into the particles, and the fast release of silver from the particles.
We have recently shown that highly spherical colloidal lignin particles (CLPs) can be prepared with a three-solvent polarity exchange method, which recycles all of the solvents, with a cost of production of 1.0 €/kg of dry lignin particles produced. 10−12 This method is adaptable to lignin functionalization, especially when the reactions are quantitative. While our method of producing CLPs would be suitable for silver infusion with the Richter method, we consider the non-quantitative binding of silver ions into CLPs problematic both for the large-scale production of silver-infused lignin particles and for the stability of such particles under storage. A solution to this is to ionically bind silver into CLPs. We have previously shown that the reaction of iron isopropoxide with lignin in anhydrous tetrahydrofuran (THF) yields a variety of metal−lignin structures, depending on the metal alkoxide to acidic functional group (phenolic OH or carboxylic acid) ratio. 13 Recently, Nypelöet al. used lignin as an emulsifier to reduce silver nitrate with NaBH 4 to produce silver-loaded lignin particles. 14 Here, we show that in a similar approach, the acidic (carboxylic and phenolic) groups of lignin can be deprotonated with sodium methoxide (NaOMe) to yield corresponding sodium carboxylates and phenolates. Silver can then be ionically bound to these sites via ion exchange with AgNO 3 . However, only silver carboxylate is both stable in water and enables the formation of uniform spherical CLPs from the anhydrous solution. Spherical silver carboxylate CLPs (AgCLPs) are self-assembled by inserting an anhydrous solution of silver carboxylate of lignin in THF/methanol (MeOH) into water, producing AgCLPs with sizes ranging from ∼60 to 200 nm, depending on the lignin concentration and the degree of lignin deprotonation. The silver carboxylate AgCLPs do not release silver when no countercations are present, making them stable even as aqueous dispersions. However, the AgCLPs show clear and strong antibacterial activity in physiological conditions, indicating the release of silver ions.
The particles are antimicrobial toward Gram-negative bacteria, such as Escherichia coli, with a minimal inhibitory concentration, even without a coating with positive polyelectrolyte. Due to the stronger binding of silver as carboxylates in AgCLPs, they have a significantly longer time of activity, making them suitable for many applications, where the silver release from silver-infused lignin nanoparticles is too rapid.
■ EXPERIMENTAL SECTION Chemicals. The LignoBoost softwood kraft lignin was BioPivo (UPM), with a solid content of 68.1 wt % as measured by thermogravimetric analysis (TGA) and ash content of ∼1 wt %. Silver nitrate (AgNO 3 ) and NaOMe were purchased from Aldrich, and molecular sieves (0.3 nm) were from Merck. THF and methanol were obtained from VWR. All solvents were further dried using molecular sieves. All work with AgNO 3 was conducted in a darkened room.
Preparation of Anhydrous Reagent Solutions. Lignin was dried in a vacuum oven at 80°C overnight to remove most of the water. Dry lignin was dissolved in anhydrous THF after which the insoluble ash was separated from the lignin solution by 20 min centrifugation at 4000g. The THF solution was diluted with a 1:1 mass ratio of MeOH to THF after which molecular sieves were added to the solution. NaOMe (95% purity) was dissolved in anhydrous MeOH by shaking and sonication. The MeOH solution was diluted with a 1:1 mass ratio of THF to MeOH. No molecular sieves were added as any water in the solution will react first with NaOMe to produce NaOH and MeOH. Care was taken to prevent the introduction of water into the solution. AgNO 3 was dissolved in anhydrous MeOH by shaking and sonication. The undissolved Ag 2 O/ Ag precipitate present in the solution was separated from the solution by 20 min centrifugation at 4000g. The mass of the precipitate was weighed to be less than 1 wt % of the AgNO 3 mass. The MeOH solution was diluted with a 1:1 mass ratio of THF to MeOH after which molecular sieves were added to the solution.
Lignin Deprotonation and Ion Exchange. Sodium carboxylate/phenolate lignin (NaLignin) was prepared by adding NaOMe solution into anhydrous lignin solution in a vial under constant stirring. The deprotonation, that is, the conversion of carboxylic acid and phenolic groups into sodium carboxylate and phenolate groups, was considered to occur instantaneously. The deprotonated lignin was immediately used either for the preparation of AgLignin or NaCLPs. AgLignin was prepared by adding anhydrous AgNO 3 solution into NaLignin solution under constant stirring. The ion exchange, that is, the conversion of sodium carboxylate/phenolate into silver carboxylate/phenolate, was considered to occur instantaneously.
Formation of Colloidal Lignin Particles. Organic lignin solutions of either NaLignin or AgLignin were rapidly inserted into water (minimum final water content of 75 wt %) in a 100 mL roundbottom flask, under constant stirring, causing lignin to rapidly selfassemble into spherical colloidal particles. The organic solvents were removed by rotary evaporation at 40°C immediately after preparation. Depending on the experiments, the colloidal lignin particles were used as they were or further processed (coated with poly(diallyldimethylammonium chloride) (PDAC) and/or dialyzed against water). Aqueous AgCLPs were inserted into a dialysis tube (12−14 kDa MWCO) and dialyzed against (periodically changed) deionized water. Besides water-soluble compounds, such as the side product NaNO 3 , dialysis also removed all free Ag or Ag 2 O NPs smaller than the pore size of the dialysis membrane.
PDAC Coating of AgCLPs. Aqueous PDAC (Mw 100−350 kDa, Polysciences, USA) was added into aqueous AgCLPs under constant stirring with a 5 wt % PDAC to AgCLP ratio. PDAC coating was considered to occur instantaneously. The surface charge modification of the lignin nanoparticles was monitored by zeta potential measurements.
Particle Dispersion Characterization. The mean particle size and electrophoretic mobility of the lignin samples were measured using a Malvern Zetasizer Nano-ZS90 Instrument (UK). Experiments were performed with duplicate samples when necessary, with ∼50 g L −1 aqueous dispersions. Intensity-based mean average particle sizes were used in analysis and reporting of the data. 31 P-NMR. The chemical composition of lignin was determined using 31 P-NMR with a procedure based on the method by Granata and Argyropoulos. 15 
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Transmission Electron Microscopy (TEM). TEM was performed on an FEI Tecnai 12 (USA) operating at 120 kV. Water dispersions were applied on a carbon film support grid and incubated for 2 min, and excess water was removed by blotting the side of the grid onto filter paper. Imaging was done in the bright-field mode with slight underfocus.
Energy-Dispersive X-ray Spectroscopy (EDS). TEM-EDS measurements were performed on an analytical HR-TEM JEOL JEM-2800 operated at 200 kV with high-speed EDS.
Inductively-Coupled Plasma Optical Emission Spectroscopy (ICP-OES). Before the measurement, samples were homogenized using an ultrasonic bath. After ultrasonication, 100 mg of sample was weighed into a polyethylene tube, 0.5 mL 65% (v/v) HNO 3 was added, and samples were diluted to 5 mL with ultrapure water. After that, a Perkin Elmer Optima 5300 DV ICP-OES, which allows either an axial or radial mode of viewing of the plasma, was used to determine Ag (328.068, 338.289 nm). The ICP-OES instrument was equipped with an AS-93plus autosampler, a Ryton double-pass Scotttype spray chamber, and a Gem Tip cross-flow pneumatic nebulizer. The instrumental parameters for ICP-OES were as follows: RF power of 1.3 kW, nebulizer gas flow of 0.8 L min −1 , auxiliary gas flow of 0.2 L min −1 , plasma gas flow of 15 L min −1 , and sample uptake of 1.5 mL min −1 . Normal resolution and axial mode of viewing were used in the measurements. All ICP-OES measurements were performed following the guidelines described in the SFS-EN ISO 11885 standard. 17 Silver Ion (Ag + ) Measurement Using Silver Ion-Selective Electrode (Ag-ISE). Description of the method can be found in the Supporting Information.
X-ray Photoelectron Spectroscopy (XPS). Description of the method can be found in the Supporting Information.
Antibacterial Experiments. Antimicrobial activity was evaluated with CLSI (formerly NCCLS) broth microdilution protocols for antimicrobial testing, and the assays were carried out in triplicate. 16 The AgCLPs used in the antibacterial experiments were prepared via AgLignin as shown in Scheme 1, with 2.6% of the PhOH/COOH groups deprotonated and ion-exchanged. The Supporting Information also shows data on samples with 15% of the PhOH/COOH groups deprotonated and ion-exchanged with the same method, samples of NaCLPs infused with AgNO 3 , both with 2.6% and 15% deprotonation and ion exchange, and all of the above samples coated with PDAC. E. coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853, and Staphylococcus aureus ATCC 29213 were obtained from Microbiologics Inc. (St. Cloud, MN). For the assays, bacteria were grown in Mueller−Hinton broth (MHB, Becton Dickinson, Sparks, MD) overnight at 37°C. Dialyzed CLPs, CLPs-PDAC, AgCLPs via AgLignin and AgCLPs-PDAC (15 and 2.6%), Ag-infused NaCLPs and NaCLPs-PDAC (15 and 2.6%) suspensions, AgNO 3 dilutions in MHB, and the controls were added to 96-well plates (Thermo Fisher Scientific, Roskilde, DK), and the bacterial suspensions were then seeded into the plates at a final concentration of 5 × 10 5 colony forming units (CFU) mL −1 in MHB. In addition, each plate carried a negative control (MHB) and ciprofloxacin as positive control at MIC 90 (E. coli, 0.02 μg mL −1 ; P. aeruginosa, 1 μg mL −1 ; and S. aureus, 0.5 μg mL −1 ). Then, the plates were incubated for 24 h, and the absorbance was measured at 620 nm on a Multiskan GO UV−vis spectrophotometer (Thermo Fisher Scientific, Finland). The percentage of inhibition was calculated by comparing the average optical density at 620 nm (OD 620 ) of the bacterial suspension with and without the compound (negative control).
■ RESULTS AND DISCUSSION
Formation of Colloidal Silver−Lignin Particles. We chose LignoBoost softwood kraft lignin as the source of lignin as it is currently produced in a scale of tens of thousands of tons per year, both in Europe and in the USA. 18 We have shown previously that highly spherical colloidal lignin particles (CLPs) can be assembled from lignin via a solvent exchange method. 19 LignoBoost lignin is highly soluble in THF and can produce CLPs upon addition into water at a concentration of at least 2.8 wt % with the use of a co-solvent, such as ethanol. 11 The used solvents can be separated and recovered from the particles by ultrafiltration and by distillation. The recovered solvents can be used to further dissolve lignin, enabling a closed cycle process. It was shown that the energy consumption of the process is minimal. 12 We found that the carboxylic acid moieties of kraft lignin (UPM BioPiva, purified with the LignoBoost process) can be deprotonated with NaOMe and ion-exchanged with silver, without disrupting the CLP self-assembly. Scheme 1 shows the pathway for the formation of silver carboxylate CLPs (AgCLPs). The formation of AgCLPs starts with the formation of NaLignin by deprotonating an anhydrous solution of lignin with sodium methoxide (NaOMe) dissolved in a mixture of THF and methanol (MeOH).
The solvent mixture was chosen as both lignin and NaOMe are soluble in it, while only lignin is sufficiently soluble in neat THF and NaOMe in neat MeOH. Silver carboxylate lignin (AgLignin) is formed by ion exchange of NaLignin with AgNO 3 , both again in THF/MeOH. As the pK a values of the carboxylic acid groups of lignin are below 4.6 and most of the pK a values of the phenolic groups lie above 9 (with some species with electron-withdrawing groups having a pK a value between 7.3 and 9), it can be observed that there is almost no 
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Research Article overlap between the deprotonation of carboxylic acid and phenolic groups of lignin. 20 The degree of deprotonation is determined as the ratio of the reacted NaOMe versus the carboxylic acid and phenolic groups of lignin, as determined by 31 P NMR. In the anhydrous organic medium, the reaction can be assumed quantitative, whereas in aqueous media, the presence of an equimolar concentration of Na + ions to OH − ions (determined by the pH of the dispersion) slightly reduces the Na + ion concentration of the CLPs in alkaline pH. In the case of the pH range of sodium carboxylate (from pH 2.5 to 6.5 with 1 to 99% deprotonation), the OH − and subsequently Na + concentrations are small enough to be neglected. IR spectroscopy and X-ray photoelectron spectroscopy (XPS) show that AgLignin is present fully in the silver carboxylate form when the degree of deprotonation and ion exchange is well below the COOH content of the used lignin (see the Supporting Information).
AgCLPs self-assemble when the organic AgLignin solution is introduced into stirred water. It is also possible to self-assemble NaLignin straight into sodium carboxylate CLPs (NaCLPs) and conduct the ion exchange with aqueous AgNO 3 .
The effects of the degree of deprotonation of acidic (carboxylic and phenolic) groups of NaLignin and the degree of deprotonation/ion exchange of AgLignin on the CLP diameter and polydispersity (PDI) are shown in Figure 1a . To prevent the precipitation of the less soluble AgLignin from the MeOH/THF mixture, the self-assembly was conducted with a low concentration of lignin solution (2.1 mg/g), resulting in CLPs with a lignin concentration of 0.51 mg/g. NaCLPs have a diameter of ∼60 nm and polydispersity index (PDI) of ∼0.2 up to ∼20% deprotonation, as determined by dynamic light scattering (DLS). These values are comparable to those measured from sodium-free CLPs. Beyond this point, both the NaCLP diameter and PDI start to increase. Our assumption is that the higher solubility of lignin due to the dissociation of the phenolic OH groups disrupts the self-assembly of CLPs. The self-assembly of AgCLPs both in terms of particle diameter and PDI is very similar to that of NaCLPs. This indicates that the effect of the countercation in the carboxylate and phenolate lignin does not influence the amphiphilic nature of lignin. However, at higher lignin concentrations, AgLignin begins to precipitate out of the MeOH/THF solution as soon as the NaOMe and AgNO 3 loading is high enough to produce silver phenolate.
The DLS data on AgCLP formation already indicates that good-quality AgCLPs cannot be produced with a significant quantity of the silver phenolate form of lignin. An even clearer indication of the challenges with silver phenolate lignin can be seen with TEM and EDS (see Figure S2 ). The AgCLPs formed from AgLignin with 2.6 and 15% deprotonation/ion exchange (Figures 1b,c, 1 .0 and 5.8 wt % Ag of CLP, respectively) are moderately dispersed and extremely spherical. With 30% ion exchange and deprotonation (Figure 1d ), AgCLP polydispersity starts to increase, but rather small particles are formed when the AgLignin concentration is kept low. However, at 40% ion exchange and deprotonation (Figure 1e ), even with rather dilute conditions, the AgCLPs are largely aggregated, indicating that the CLP formation is disrupted. With EDS, it is possible to estimate the silver content of the AgCLPs by comparing the Ag peak of individual particles to their S peak, known to be 3.10 wt % of the used lignin mass. 19 The Ag content of AgCLPs prepared via AgLignin with 1.0 wt % Ag to lignin showed an Ag content of 1.0 wt % also with EDS. However, when the degree of deprotonation and ion exchange was raised above the degree of COOH content of lignin, EDS showed that the detected silver content no longer matched the calculated silver content despite the good particle quality by DLS. We assume this to be due to the unstable nature of the silver phenolate groups, which are possibly hydrolyzed releasing silver hydroxide, which can further react to silver oxide. 21 In EDS, these AgCLPs with higher silver loadings show a non-uniform distribution of silver and also the presence of silver(oxide) particles (the presence of oxygen in the particles cannot be determined from the EDS spectra).The total silver content and the free silver ion content of the AgCLPs were measured by ICP-OES and the Ag-ISE, respectively ( Table 1 ). The amount of silver detected by ICP-OES before dialysis matched closely with the calculated silver content and was considered as the reference value. When the silver content is kept below the COOH content, ICP-OES showed that there was almost no loss in the silver content of the AgCLPs, which was also confirmed by EDS. However, 
Research Article when the degree of deprotonation/ion exchange was raised above the COOH content, the total silver content of the dialyzed AgCLPs dropped. This matches with the observations with EDS. As expected, no free silver was detected using the Ag-ISE as the silver in the AgCLPs is ionically bound to the CLPs. The Ag-ISE was also used to potentiometrically study the silver consumption of NaCLPs (Figure 2 ). An equal volume of aqueous AgNO 3 was added to NaCLPs, with the Na concentration of NaCLPs matching the AgNO 3 concentration (0.71 mmol/L after mixing). In 15 s, the free silver concentration rose to 70% and settled to the final concentration of 59% in less than 5 min. This can be attributed to a fast ion exchange at or near the surface of the NaCLPs. Apparently, the diffusion of Ag into the core of the AgCLPs is a much slower process than could be observed with this method. It was observed that non-deprotonated CLPs also bind AgNO 3 , although to a slightly lesser extent (84% of the binding) than the NaCLPs. This is explained by the presence of residual sodium in the LignoBoost lignin after purification. 22 It was also observed that when the measuring cell (with Ag-ISE) was not carefully protected from light, additional AgNO 3 reduction was observed ( Figure S4) , possibly caused by the sodium carboxylate NaCLPs catalyzing the photoreduction of silver ions into silver nanoparticles. 23 Antibacterial Activity of AgCLPs. The antibacterial activity of AgCLPs was initially tested immediately after preparation. However, it was confirmed that the particles are stable and can be used at least for several days after preparation, which is expected of ionic binding of Ag + to CLPs. Quantitative antibacterial tests were conducted on two Gram-negative bacteria, E. coli (ATCC 25922) and P. aeruginosa (ATCC 27853), as well as on Gram-positive S. aureus (ATCC 29213).
Testing was carried out according to a standardized exposure protocol based on the broth microdilution method according to the CLSI guidelines. 16 The absorbance at 620 nm was measured after 24 h of incubation of the bacteria with the particle suspension and compared with control samples. The AgCLP's efficiency was compared against AgNO 3 solutions (Figure 3) .
The Ag + content of the samples incubated with E. coli ranged between 2.5 and 10 mg L −1 , whereas for P. aeruginosa and S. aureus, the Ag + content ranged from 2.5 to 30 mg L −1 . The concentration of AgCLPs and respective inhibition of growth against the three bacteria strains used for the experiments are detailed in Table S1 .
After the AgCLP self-assembly, the particles were dialyzed against distilled water to remove any weakly bound silver. The AgCLPs exhibited a strong antimicrobial activity against Gramnegative E. coli at 5 mg L −1 Ag + content, with 90% inhibition of growth after 24 h of exposure, which was comparable to the free AgNO 3 solution at 5 mg L −1 Ag + content (Figure 3a) . Tests with a higher degree of ion exchange than the 
Research Article concentration of COOH groups (15% AgCLPs) as well as NaCLPs infused with aqueous AgNO 3 (see the Supporting Information) showed a much reduced efficacy, indicating that only the silver present as carboxylates is antibacterially active and that silver infusion of NaCLPs is not as effective as AgCLP formation from AgLignin. For the Gram-negative P. aeruginosa (Figure 3b ), the Ag + concentration in AgCLPs required for high antibacterial efficiency was 20 mg L −1 , leading to 94% inhibition of growth. After exposure of 2.6% AgCLPs via AgLignin against the Gram-positive S. aureus (Figure 3c ), the inhibition of growth reached 96% at a Ag + equivalent of 20 mg L −1 , which was found to be better than the free AgNO 3 solution at the same Ag + content (∼59% of inhibition of growth). This can be ascribed to the antibacterial effect of pure CLPs against S. aureus, which showed ∼80% inhibition of growth after 24 h. It is known that lignin possesses antibacterial properties in itself, especially against Gram-positive bacteria, 24 and in previous studies, this antibacterial effect has been observed with CLPs covalently bound to cellulose 25 although no significant antibacterial effect against Gram-positive Staphylococcus epidermidis had been seen with previous studies with acid-precipitated lignin nanoparticles without silver infusion. 4 Thus, the synergetic effect of Ag + and CLPs appeared to be important to reduce the growth of S. aureus. Additionally, the antibacterial activity of AgCLPs coated with PDAC (AgCLPs-PDAC) was also evaluated to compare with the antibacterial activity of non-coated AgCLPs against E. coli, P. aeruginosa, and S. aureus ( Figure S6 ). The samples with similar Ag + content were exposed to the different bacterial strains, and the concentration of PDAC-coated AgCLPs and the respective inhibition of growth are detailed in Table S2 . Based on the initial findings of Richter et al., we expected AgCLPs to require a cationic polyelectrolyte coating with PDAC to enable a stronger adhesion of the particles to the bacterial cell membranes and produce a higher antibacterial activity. 4 Surprisingly, the PDAC coating seemed to have little, if any, positive influence on the antibacterial efficacy of the particles.
In contrast to the loosely bound silver in the EbNPs, the silver carboxylate AgCLPs do not release silver without the presence of countercations that can be exchanged with silver in the AgCLPs. Thus, the AgCLPs can be stored as water dispersions for long periods of time without the deterioration of their antibacterial activity.
To some extent, the AgCLPs should be considered an intermediate between the EbNPs and carboxylate silver complexes, 26 or more specifically silver metal−organic frameworks (AgMOFs), 27 which similar to AgCLPs are large clusters of silver carboxylates. In the case of carboxylate silver complexes, the molecules are dissolved in water, and in the case of AgMOFs, silver is released as the constituent carboxylates and not through cation exchange.
We have shown that AgCLPs show high and sustained antibacterial activity against Gram-positive and Gram-negative strains, even without a cationic polyelectrolyte coating. Thus, AgCLPs are superior in applications requiring sustained antibacterial activity where the fast release of silver, as observed in the EbNPs, is not beneficial. However, we acknowledge that time-limited antimicrobial action can be beneficial in applications with a possibility of bioaccumulation of lignin nanoparticles. In this sense, the two preparation methods of silver-infused lignin nanoparticles can be considered complementary.
■ CONCLUSIONS
We have shown that silver can be bound to lignin with deprotonation and ion exchange and that the silver-exchanged lignin is self-assembled into AgCLPs in a suitable process for full solvent recovery and reuse. Due to the ionic bonding of the silver carboxylate groups, they afford high stability of the particles in deionized water. However, the high antibacterial activity of the AgCLPs upon contact with bacteria in physiological conditions indicates that silver is released in the presence of countercations. The formation of silver phenoxide moieties in lignin is also possible in anhydrous media. However, upon contact with water, silver phenoxide moieties hydrolyze into phenol and silver hydroxide, which further condenses into silver oxide NPs. Silver present as carboxylates is both stable and provides sustained antibacterial activity. Additionally, the silver infusion of NaCLPs is possible but does not seem to be as effective as the preparation of AgCLPs from organic solutions of silver carboxylate lignin. Rather surprisingly, no cationic polyelectrolyte coating was required for good antibacterial activity of the AgCLPs. The method of AgCLP production is applicable to the closed-cycle polarity exchange process of CLP formation, which we have introduced. The only added criterion to the process is that whereas the general CLP process is tolerant of water in the recovered solvents, the production of AgCLPs requires anhydrous solvents. As the AgCLPs are stable in distilled water but release silver in physiological conditions, their applicability is greatly enhanced over silver-infused lignin nanoparticles where the silver ions are released immediately after preparation. 
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